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Foreword

Activities at sea, ranging from commercial fishing to acoustic
surveillance, are influenced by the mesoscale structure of the ocean.
Considerable spatial and temporal variability due to meandering
fronts and drifting rings characterize the mesoscale structure.
Knowledge of the mesoscale structure can make activities at sea
more cost effective.

Recognizing the need to map and understand the mesoscale
structure of the ocean, the Naval Oceanographic and Atmospheric
Research Laboratory, in conjunction with the U.S. Naval Oceano-
graphic Office, is developing and transitioning a system for making
nowcasts and forecasts of the Gulf Stream frontal path. This report
presents the results of experiments that estimate the performance
of the system in an operational, rather than research-grade,
environment. In addition, operator guidance is provided for using
this system.

W. B. Moseley L. R. Elliott, Commander, USN
Technical Director Officer in Charge



Executive Summary

Acoustic propagation within the Northwest Atlantic is highly dependent
on the meandering Gulf Stream front and its associated drifting ring-, the
so-called mesoscale structure of the ocean. Considerable variability in
space and time characterize this structure.

This report documents the validation of a system that makes nowcasts
and forecasts of the Gulf Stream frontal path. The validation was done as
part of the transition of the first-generation Data Assimilation Research
and Transition (DART) model to operational Navy use. Two sets of
experiments designed to evaluate the forecast skill of the system in a
quasi-operational environment are the crux of the validation. In one set
of experiments, operational front and ring maps are used to initialize and
verify I- and 2-week forecast experiments. In the other set of experiments,
the value the DART model adds to the present operational capability is
estimated. The proposed operational use of the model is simulated by
setting up a simple data assimilation system that uses a 1-week forecast
to interpolate across long data gaps that arise during the mapping of front
and ring positions. The gappy paths are constructed by superimposing
observed data gaps on complete frontal paths. This report also provides
guidance to an operator on how to use a model forecast to fill in the
data gaps.

Both sets of experiments show the system to be a statistically significant
improvement over an assumption of persistence, i.e., no change over
time. The principal technical issues identified in the report are the inference
of the Gulf Stream north wall from the forecasted axis path, as well as
the need to develop and test a more objective means to assimilate
observations and a forecast into a composite frontal path. It is recommended
that these issues be pursued.
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Validation Test Report for the First-Generation
Dart Gulf Stream Forecasting System

I. Introduction thereby creating data gaps in the forecast

A number of activities at sea, ranging from initialization. In addition, the operationally available
commercial fishing to acoustic surveillance, are front and ring maps do not necessarily have the

influenced by the mesoscale thermal structure of same quality as the research-grade maps prepared

the ocean. Recognizing the importance of the during periods of unusually abundant IR data. The

mesoscale structure of the ocean, the Data Assimi- effect on forecast skill of clouds and the relative

lation Research and Transition (DART) project of utility of operational vs. research-grade maps must

the Naval Oceanographic and Atmospheric Research be evaluated as part of the transition of the system

Laboratory (NOARL) is developing and transitioning to operational use.

to operational Navy use a system for making With the signing of a Memorandum of Under-

nowcasts and forecasts of the Gulf Stream. In its standing (CNOC ltr, Ser 3140, 14 February 1990)

initial implementation, the objective of the system a formal transition process has been established

is to make nowcasts, as well as 7- and 14-day between NOARL, U.S. Naval Oceanographic Office

forecasts, of the path of the Gulf Stream and its (NAVOCEANO) and the Fleet Numerical

interactions with associated warm-core and cold- Oceanography Center (FNOC). A key aspect of the

core rings. memorandum is a transition plan that identifies some
InDbe r 1, tof the technical issues to be addressed by theIn December 1989, the DART project presented transition process, as well as the approach to be

to the Commander, Naval Oceanography Command tanseeapendix).

(CNOC) Independent Model Review Panel The results of several types of experiments

(CIMREP), the results of a proof-of-concept study designed to evaluate the model in a more

of the first-generation DART system. The key data operationally realistic mode are presented here. n

set for this study was a set of maps of Gulf Stream onetof eerims a p ed I n
one set of experiments, a simple data assimilation

frontal paths and ring locations that were obtained system is set up by using a 1-week forecast to
during periods of unusually abundant infrared (IR) interpolate across long data gaps. The gappy paths
data, as well as in situ and altimetry data. These data are constructed by superimposing observed data gaps
were sufficient to confidently map on a weekly basis on complete frontal paths. This data assimilation
the path and ring locations over virtually the entire system is compared to the existing operational
domain from 78°W to 50°W for several periods of capability. In another set of experiments, forecasts
3- to 5-week duration. In the study, the DART model are made using the front and ring maps prepared
was initialized from each of several of these maps operationally by NAVOCEANO to initialize the
and the forecast verified against the map that was model. In addition, the potential role that an operator
valid at the time of forecast verification. The results would have in the use of this system as an aid to
demonstrated that the DART 7- and 14-day forecasts the construction of a front and ring map is described.
of the Gulf Stream frontal path are better than The report is structured as follows. Sections II
persistence, which assumes that the frontal path is and III present the components of the forecast
unchanged from the initial state. system and some technical aspects of the system.

Several issues arise when the forecast system is Section IV presents the results of the proof-
considered for use in a more operationally realistic of-concept study. Section V provides results from
mode. In the operational world, clouds typically experiments using operational, rather than
mask a significant fraction of the Gulf Stream path, research-grade, paths for initialization and
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verification. Section VI compares the forecast system three times weekly using the previous bogus, which
to the present operational capability. Section VII is combined with the most recent data to obtain a
compares pairs of forecasts that differ by small, best-guess composite that depicts the positions on
localized differences in their initial states and that day.
examines the evolution of these differences. The most obvious problem is that clouds limit
Section VIII describes the potential role of an the visibility of the Gulf Stream and create data
operator while using this system as an aid in gaps where the operator has no information on the
constructing a front and ring map. Section IX gives position of the features. Another problem is that
a summary and the conclusions, and Section X the surface temperature analysis is not always
gives recommendations. representative of the actual location of features.

Misrepresentation is especially a problem with rings
as they lose their surface signature with age. Also,

11. Forecast System Components the surface north wall position of the Gulf Stream
is always not reliable for depicting the actual path

The Gulf Stream forecast capability is made up of the maximum transport of the Gulf Stream. These
of several components. The system is initialized problems are not easily overcome, but satellite
from a front and ring map, hereafter referred to as altimetry shows potential for eliminating some of
a "bogus." The bogus is constructed by hand using a these problems. However, no altimetry data are
disparate set of frontal position data. It can also be operationally available at this time.
constructed via an operator/machine mix using the
operational NAVOCEANO product PATHFINDER, B. NAVOCEANO PATHFINDER Module
which determines a frontal path from a disparate As discussed earlier, limited data coverage is
set of frontal position data via optimal interpolation. the main problem in preparation of the bogus. At
The bogus is then used to construct a three- NAVOCEANO, an operational optimal interpolation
dimensional analysis of temperature and salinity scheme, PATHFINDER, is used for blending
using the Optimal Thermal Interpolation System different data types of various ages into a composite
(OTIS) and its associated feature models. The analysis of the location of the north wall of the
analysis field from OTIS is then used to calculate Gulf Stream. PATHFINDER converts latitude/
a dynamic height field, which in turn is used to longitude frontal positions to cross-stream/down-
initialize the upper layer of the forecast model. The stream positions relative to a defined mean path
output from the circulation model is a set of predicted and assigns an uncertainty to each observation based

frontal paths that can be used as data for later bogus on its age. It then performs a one-dimensional optimal

preparations. interpolation of cross-stream position versus down-
stream position. The objective analysis procedure

A. Frontal Bogus is taken from Bretherton et al. (1976). When the
procedure is completed, PATHFINDER converts

The lack of sufficient data at depth in the ocean cross-stream/downstream positions back to latitude/
makes it difficult to obtain a three-dimensional longitude coordinates.
analysis of temperature, salinity, and sound velocity In the assimilation approach taken in this report,
of the ocean environment. The most abundant oceanic PATHFINDER will be an integral part of the process
data are available at the surface, namely satellite for using the model forecast as data across gaps in
IR data, altimetry, drifting buoys, and mdltichannel the analysis. The 7- and 14-day forecasts of the
sea surface temperatures. An important operational model can be input into PATHFINDER as data,
product of the Operational Oceanography provided an estimated error is also input. PATH-
Center (OOC) at NAVOCEANO is the surface front FINDER will then do a composite analysis using a
and ring bogus which uses surface data to obtain blend of observed data and model forecast data.
an analysis of the position of the north wall of the Some preliminary results of this technique, as well
Gulf Stream and positions and sizes of warm and as the direction of further development, will be
cold rings. discussed in section VIII.

Currently, satellite IR images that depict the
surface temperature of the North Atlantic region C. OTIS Analysis
are the most abundant data sources used in analyzing The OTIS system has been used operationally at
the Gulf Stream path and rings. The bogus is prepared FNOC for several years (Clancy et al., 1990). It is
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operational as a regional product in the Gulf Stream used to fill in data gaps in a simple data assimilation
using in situ data, frontal bogus, and water- technique that should improve the bogus quality.
mass-based climatology as input. The bogus is an The quality of forecasts that are subsequently
integral part of the analysis scheme as it defines initialized from these boguses should also be
the positions of the features that are depicted in the improved.
three-dimensional analysis using the feature models
within OTIS. The method of using OTIS to construct
three-dimensional temperature and salinity fields IH. Technical Aspects of the DART
from only the front and ring bogus is explained in System
Fox et al. (1990).

In all of the experiments discussed here, the only A. Estimating the Gulf Stream North Wall
data available for OTIS were the front and ring from the Frontal Axis
boguses. Although OTIS can assimilate data and The DART forecast system outputs a prediction
altimetry data, this capability was not used because of the path of the Gulf Stream frontal axis. The
the means to use these data are not currently OOC, however, depicts the path of the north wall
operational at the OOC. The purpose of these of the Gulf Stream. Hence, the forecasted axis path
experiments is to simulate operational capabilities must be converted into a path of the north wall if
at NAVOCEANO. In situ dta and altimetry were it is to be useful in constructing the next bogus
used to locate front and ring features in the paths used using PATHFINDER. It should be noted that the
for the proof-of-concept study. However, the frontal axis is determined from the pressure field,
operational boguses are based only on the IR data and the north wall is observed by examining thermal
that are operationally analyzed at the OOC. gradients at the surface; hence, these paths are quite

distinct entities.
D. Ocean Circulation Module A new technique has been developed for use with

The OTIS three-dimensional temperature and the operational boguses. The decision was made to
salinity analysis is used to construct a nowcast do this conversion in a manner that is consistent
dynamic height field relative to 1000 decibars. This with the techniques already in place at the OOC. In
field is converted to an upper layer pressure field its standard usage, the PATHFINDER program
(pl) for NOARL's two-layer, limited-area, Gulf outputs a simulated axis of the Gulf Stream if it is
Stream circulation model. The basic circulation given the north wall position. To output this
model is discussed by Hurlburt and Thompson (1980) information, it uses a frontal feature model that
and Wallcraft (1990), and its application to the Gulf estimates the offset between the north wall and the
Stream is described by Thompson and Schmitz axis. The effect of curvature is included in the feature
(1989). The circulation model initialization uses the model. PATHFINDER also has the capability to go
nowcast pressure field for the upper layer and a the other way and output the north wall if it is
statistically predicted lower layer pressure field (p2 ). given the axis. In practice, this output is accom-
The statistical prediction is based on regression plished by asking PATHFINDER to estimate the
coefficients of the relationship between upper and path of the frontal axis at a certain negative depth.
lower layer pressures that were obtained from many This technique has been incorporated into the system.
years of model integration (see Hurlburt et al., 1990). All of the results obtained using the operational
The model and the initialization techniques are boguses that are presented here use north wall paths
discussed in detail by Fox et al. (1990). determined by PATHFINDER from the forecast axis.

The model produces a 14-day forecast of the Gulf Figures la, lb, and Ic indicate the results of the
Stream and associated rings. Because of the lack of PATHFINDER technique. The solid line to the north
large-scale forcing in the limited area model, ring in each figure is the original north wall path from
motions are not realistic and are not verified. The the OOC that was used to initialize the DART system
axis of the Gulf Stream is output from the initial- on 2 May 1990, 9 May 1990, and 16 May 1990,
ization and for the 7- and 14- day forecast positions. respectively. The solid line to the south is the axis
The current operational Gulf Stream forecast model output obtained using the DART forecast initial-
at NAVOCEANO runs on a 7-day cycle, and the ization process. The dashed line to the north is the
DART model would initially be uscd in the same north wall obtained from PATHFINDER using
manner. The forecasts of the frontal path will be the DART axis as input. The results show that the
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450 are presented. The two versions differ in the way
N 7(a) the inflow port information is specified. For short

4" --- _ (2 week) forecasts, the forecast skill is not
4- -significantly altered by the choice of port method,

so the version that was easiest to implement in the

350 operational environment was selected.
To compute the statistical regression coefficients

required to initialize the forecast system, the
30' I circulation model had to be run for approximately

450 20 model-years. During this run, the upper and lower 0
N ( b) layer inflows (that is, the Florida Current and the

, -Deep Western Boundary Current) are specified as
4 40' boundary conditions that are fixed at their climato-

logical positions and strengths. These locations and
amplitudes produce a Gulf Stream whose mean axis
closely matches that seen in data, and whose
variability (both in magnitude and location) also

30 I matches that seen in data (both from GEOSAT and
in situ measurements). Changes to these boundary

450 \\\ conditions can result in significant changes in the
N (c) mean path and variability of the Gulf Stream 0

400 .(Thompson et al., 1989).
400 - - -_During the period leading up to the CIMREP

evaluation in December 1989, it was felt that main-
350 taining proper boundary conditions was an important

consideration in initializing forecasts. Since the
weekly Gulf Stream axis was often not coincident

30. with its climatological position (used in the
750 7circulation model), it was therefore necessary to

Figure 1. Three comparisons of the operational north alter the axis in the far western domain to gradually
wall bogus prepared by the OC (northern solid line), taper from the position provided by the bogus to
the inferred frontal axis of the model initialization the position required by the model. All the forecasts
generated from the OOC bogus (southern solid line) that were run for the CIMREP evaluation were
and the path of the north wall inferred from the frontal performed using this sort of initialization.
axis using PATHFINDER (dashed line) for yearlJulian An alternate method for initializing the circulation
day. (a) 90122, (b) 90/129 and (c) 90/136. model was developed more than a year prior to the

CIMREP meeting for the first version of the DART *
technique matches well the original OOC bogus. forecast breadboard (Fox et al., 1988). This technique
The largest differences are seen in tight meanders is referred to as the "modified" or "adaptive" port
as would be expected. The mean difference between version. In this method, rather than supplying the
the inferred and OOC north walls is only about inflow based on climatological values and location€,
9 kin. This error source is small compared to the the initial pressure fields (p, and inferred P2) are
other error sources, but it needs to be examined in used to calculate the implied geostrophic current
further studies in order to develop improved profiles at each of the circulation model inflow ports.
techniques that will minimize the error. The ports are substantially widened so that nearly

any location of the Florida Current can be handled.
B. Model Ports Since the ports are implemented as model boundary

This section describes two versions of the DART conditions, the flow implied in the initial state is 0
model. These versions were tested during the held constant for the entire forecast. That is, the
evaluation phase. The advantages and disadvantages inflow is not permitted to vary either in magnitude
of each and the reasons for making the final choice or location.
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The main advantage of the adaptive port version affected. The rows labelled "Difference" are
of the system is that it automatically adapts to nearly calculated by subtracting the forecast error made
any location of the Gulf Stream axis. One by the fixed-port version from the error made by
disadvantage of this method is that, by changing the adaptive-port version. Positive differences imply
the boundary conditions for the circulation model, the that the adaptive version is "worse" than the
mean path and variability pattern will almost certainly nonadaptive version. Using the CIMREP data (with
also be changed. One problem is potentially more the altered axis locations), the forecast made by the
serious: with the change in the location and strength adaptive version of the system is insignificantly
of the inflow ports, the statistical inference different at I week and is generally less than 1 km
coefficients employed to provide the initial lower worse at 2 weeks, compared to the nonadaptive
layer pressure field will be incorrect near the ports. version. Using the newer boguses (with unaltered
The first problem is serious only for long runs of axes), the forecasts are insignificantly different at
the model; the second could affect the forecast skill I week, and at 2 weeks the adaptive port version is
immediately. a very slight improvement (less than 0.5 km) over

To evaluate the difference in the two port versions, the nonadaptive version. The last result is particularly
forecasts were made using both the original CIMREP interesting, since in nonadaptive forecasts where
data sets (for which the axis of the stream had been the location of the stream has moved significantly
altered to properly match the climatological axis from its climatological position, the mismatch
location used by the circulation model at the western between the model port and the stream in the data
inflow port) and the independent data set from May induces the generation of substantial Kelvin waves
to July 1989 (for which no such modifications to near the ports. The forecast is visually unsatisfactory
the axis were done). Table 1 shows that in neither near these boundaries, but the evolution of the axis
case was the forecast skill of the system drastically itself is not, significantly affected.

Table 1. Comparison of forecasts made with the adaptive and fixed port versions
of the DART system. The rows labelled "Difference" are calculated by subtracting
the forecast error made by the fixed-port version from the error made by the adaptive-
port version. Positive differences imply that the adaptive version is "worse" than the
nonadaptive version.

ORIGINAL CIMREP DATASETS- FORECAST RESULTS

ERROR (kn OFFSET) BY REGION

DURATION ENTIRE
PORT VERSION (weeks) AREA WESTERN CENTRAL EASTERN

Fixed 1 33.2 ± 4.7 24.3± 4.5 28.1 ±5.4 48.0± 11.3
Adaptive 1 33.3±4.7 24.3±-4.4 28.0 ± 5.5 48.2± 11.1
Difference 1 0.06±0.08 -0.02±0.18 0.16±0.13 0.02±0.28

Fixed 2 37.6±3.7 25.4±2.1 39.5±6.7 45.9± 7.4
Adaptive 2 38.4 3.6 25.9± 2.1 40.8 ±6.2 46.4 ± 7.2
Difference 2 0.78 0.13 0.53 ± 0.29 1.28 ±0.66 0.45 ± 0.43

NEW MAY-JULY 1989 DATASETS- FORECAST RESULTS

ERROR (kn OFFSET) BY REGION

DURATION ENTIRE
PORT VERSION (weeks) AREA WESTERN CENTRAL EASTERN

Fixed 1 37.7±2,8 26.9±3.1 50.0±7.4 38.7±6.1
Adaptive 1 37.8 ± 2.8 27.1 ± 3.2 50.0:± 7.4 38.6 ± 6.3
Difference 1 0.05 0.09 0.18±0.13 0.02±0.16 -0.15±0.27

Fixed 2 47.8±2.6 37.6±4.8 62.6±7.7 45.4±4.1
Adaptive 2 47.6± 2.6 37.7 ± 4.9 62.0 ±7.7 45.3 ± 4.2
Difference 2 -0.25± 0.06 0.05± 0.19 -0.63±0.43 -0.15± 0.18
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Since the operational forecasts will not exceed DART outperforms NOGUFS 1.0 and is also
2 weeks, the longer term problems inherent in the better than a persistence forecast of both 7 and
adaptive port version will not be apparent, but this 14 days. These results convinced the CIMREP panel
version has an advantage: it can accept the bogus to recommend transition of the DART system to
without modification of the location of the stream NAVOCEANO. The complete discussion of the
at the western boundary of the domain. Given these evaluation techniques and the results can be found
operational conditions, and based on the results in in Fox et al. (1990).
Table 1, the adaptive port version of the DART
system was determined to be more appropriate for
transition. V. Exleriments with

Operational Boguses
A. Results

IV. Summary of Proof-of-Concept All of the previous validation tests performed
Results with the DART model were done using research-

The DART project was requested to perform a quality bogus data sets that had more abundant
proof-of-concept study by the CIMREP panel in data coverage than is normally observed in the
the fall of 1989. The experiments were designed to Gulf Stream. An important test criterion was how
investigate the current research capability within the DART system would perform using the real-
DART for forecasting the path of the Gulf Stream. time operational front and ring product from the
In particular, the DART capability would be OOC. A test was performed using approximately
compared with the baseline operational capability 15 weekly cases. The model was initialized with
at NAVOCEANO in a set of parallel experiments, the OOC's operational front and ring composite,
The baseline capability, the Navy Operational Gulf and forecasts were performed for 14 days with the
Stream Forecast System (NOGUFS) 1.0, is based weekly boguses used to validate the 7- and 14-day
on the Harvard GulfCast system. It was evaluated, forecasts. An example of an initialization, a
and the results indicated that the quality of 7-day forecast, and the validation are shown in
NOGUFS 1.0 forecasts was about equal to that of a Figures 3a, 3b, and 3c, respectively. The tests began
persistence forecast at 7 days and worse at 14 days. on 90/122 (May 2, 1990), with a 7-day analysis
The operational capability needed to be upgraded
to a system that was better than a persistence forecast. 80

At the same time that NOGUFS 1.0 was being -9- DART
evaluated operationally at NAVOCEANO, a NOARL 70 4 NOGUFS 1.0

70 - - NOGUFS 1.1
research project was concluding its own evaluation NOGUFS 12
of NOGUFS 1.0. An important product of NOARL's - IOGUFS 1.3
evaluation was a set of research quality boguses 60 -0- PERSISTENCE

that were prepared by making use of abundant IR,
air-dropped expendable bathythermographs from field " 5
experiments, and GEOSAT altimetry data. The t;
boguses were carefully constructed and quality PERSISTENCEt=40

control checked to form the best availabie maps for 2
forecast validation. These boguses were used as 91
input data for the parallel comparison between 30 •
NOGUFS 1.0 and the DART -nodel. These paths
are referred to as the CIMREP paths and are also 20
used in some of the experiments presented here. 6 8 10 12 14 16

Figure 2 compares the results of the validation FORECAST INTERVAL (days)
tests of several versions of NOGUFS and the DART Figure 2. Comparison of the average absolute offset
forecast system. The results are depicted as a aver- error of forecasts made using the DART model, various
age absolute offset error of the 7- and 14-day forecast versions of the NOGUFS .x model and persistence at
frontal position error of the two systems for all of 7 and 14 days. There were abundant data for initialization
the hindcast cases. The results clearly indicate that and verification of these forecasts.
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45 error is smaller than persistence error when compared
N *..) to the OOC bogus of I week later. Also, when the

-,model forecast error is greater than persistence,
40° the difference between them is generally smaller

than when the forecast beats persistence. The mean
35 , -  of all the data combined shows that the model beats

persistence by about 10% at 7 days. Figure 5 shows
the results in a histogram format with the number

30, of cases within a certain error range depicted. The
DART forecast is skewed more toward the lower450 error numbers than is persistence. Table 3 shows

N (b)\ \7
\ \\ (\ - mean values broken down by area and indicates

400 .\\ , that the forecast beats persistence in all areas, with
.- the largest difference in the central area. This

difference is not surprising because the central area
35 . is the most likely for events, and also shows the

value of the model in predicting ring formation and
absorptions.

30' Table 4 shows similar results for the 14-day
forecast evaluation. The forecast error is lower than

4Y - (- persistence in all but 10 of 60 cases. The resultsN \ ( C ) \ ) , _p e-r- -

_indicate that the model is better relative to persistence

40' , 
"  at 14 days than at 7 days. Figure 6 is the scatter

plot of the data and further indicates the model's
S - superiority over persistence. In this case, the mean

35' 0/. shows the model is beating persistence by 15%.
- - The histogram, Figure 7, clearly indicates that the

DART forecast is skewed toward lower error relative
75, 700 65 600 55'0' 450W to persistence. Table 5 shows the means for all

areas, which indicates that the model is superior in
Figure 3. The dynamic height field from (a) the all sections and, like the 7-day results, the difference
initialization of Julian Day 157, 1990, (b) the 1-week is greatest in the central area.
forecast valid Julian Day 164, 1990, and (c) the i raeti h eta raverification dated Julian Day 164, 1990. The result that the forecast is better relative topersistence at 14 days is understandable if the error

associated with the bogus data is considered. The
interval, and continued using data through 90/234 main data source for the bogus is IR data of
(August 22, 1990). The model is only being validated the surface position of the north wall of the Gulf
from 730 to 53°W. These domains are the same Stream, which has an error of at least 15 km in
domains used in the evaluation of the Harvard locating the stream. The lateral movement of the
GulfCast system. Gulf Stream in 7 days is estimated from opera-

Table 2 shows the results for the 7-day validation tional bogus data to be 15-20 km (Fox et al., 1990).
from Julian days 122-227. The results are shown Because the movement at 7 days is small compared
for the entire area from 730 to 53 0W, as well as the to the error of the bogus, the difference between
western (73 0-66°W), central (66°-59°W) and eastern forecast and persistence error is not as evident from
(59 0-53°W) sections in order to examine forecast the error statistics. At 14 days the lateral movement
skill as a function of area. The error estimates (km) is 30 and 40 km, so the difference stands out from
are obtained by examining the average absolute offset the error and is more clearly shown in the statistics.
between the forecast and bogus paths. An asterisk The purpose of the study using operational bogus
indicates that the DART forecast error was less than data was to show that the model forecast was a
the persistence forecast error. better predictor than using persistence, which is

Figure 4 is a scatter plot of the data in Table 2 currently 'sed operationally at the OOC. Even though
and indicates that for most of the cases, the forecast the error is large in positioning the Gulf Stream,
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Table 2. Errors for ensemble of 7-day forecasts initialized and
verified with operational boguses (F) compared to that of
persistence (P).

ENTIRE WESTERN CENTRAL EASTERN
AREA AREA AREA AREA

73o-53oW 73'-66oW 66'-59oW 590-53oW
JULIAN

DAY P F P F P F P F

122 28.7 26.1' 28.0 20.4' 20.9 21.1 37.8 36.0'

129 39.3 30.7' 19.5 14.1' 46.3 35.3* 51.9 43,3'

136 32.8 39.2 12.4 24.7 62.5 66.2 22.8 25.3

143 44.9 46.9 11.9 16.1 81.3 77.7 40.3 46.7

150 33.2 33.7 38.5 31.5" 30.1 33.3 29.7 37.5

157 20.0 17.6* 21.0 21.1 19.6 18.0' 18.9 11.9*

164 35.9 31.7' 33.9 29.3* 37.2 34.1' 35.1 29.1'

171 37.9 21.8' 10.4 10.9 70.0 28.5" 24.2 24.0 °

178 34.4 31.5' 24.0 16.9' 52.9 50.1' 18.6 19.5

185 29.1 22.7' 21.0 13.1' 31.2 23.5" 32.7 29.3'

192 35.7 28.4' 17.3 16.5' 23.5 14.6' 67.3 57.0'

199 68,9 49.4' 10.2 8.8' 80.4 35.9' 123.9 114.0*

206 26.5 24.0' 9.1 9.0' 29.5 30.5 42.4 33.4'

213 68.1 62.5* 15.5 9.5' 93.1 94.2 100.2 87.1'

220 26.5 27.6 23.6 27.6 29.5 29.4' 25.6 24.4"

227 19.4 19.01 16.2 14.0 26.7 24.9* 10.7 15.1

*Forecast Error < Persistence Error

120 12
10 P MEAN = 36.04 12m PERSISTENCE

F MEAN = 31.99 10 DART FORECAST
100 1

_80 w j80)

I -
C<c

U) UJ

.40 o 4

I--

202

0 
0 I i 0

0 20 40 60 80 100 120 I g cn  U S gR S ' °  , +

PERSISTENCE ERROR(km) R m) n to
ERROR (kin)

Figure 4. A scatter plot of the 7-day forecast error

against the 7-day persistence error for a series Figure 5. A histogram of the distribution offorecast and
experiments during Julian days 122-227, 1990. persistence errors for an ensemble of 7-day forecasts
Operational boguses used for initialization and that used operational boguses for initialization and
verification, verification.
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Table 3. Mean error for ensemble of 7-day forecasts initialized
and verified with operational boguses compared to that of
persistence for the entire domain and several subsections
of the domain.

OPERATIONAL BOGUS DATA J. D. 122-227, 1990 7-DAY
MEAN ERROR (km)

ENTIRE WESTERN CENTRAL EASTERN
AREA AREA AREA AREA

73'-53'W 73'-66'W 66'-59'W 59'-53oW

Persistence 36.33 19.53 45.91 42.63
DART Forecast 32.05 17.72 38.58 39.60

Table 4. Errors for ensemble of 14-day forecasts initialized and
verified with operational boguses (F) compared to that of persistence
(P) for the entire domain and several subsections of the domain.

DART FORECAST SYSTEM 14-DAY FORECAST

ENTIRE WESTERN CENTRAL EASTERN
AREA AREA AREA AREA

73o-53oW 73o-66oW 66o-59oW 59o-531W

JULIAN
DAY P F P F P F P F

122 41.8 33.0* 40.1 22.0' 42.2 32.7' 42.6 47.2
129 51.6 42.0' 23.9 17.4' 73.9 69.7' 57.2 39.3'
136 52.4 47.0' 21.4 26.7 78.9 63.9" 57.6 51.6'
143 51.8 48.1' 40.2 33.2' 54.2 50.0" 65.7 67.6
150 29.1 30.8 35.2 26.4" 31.9 40.8 16.4 20.2

157 36.5 27.5" 25.4 13.0' 40.2 35.6' 41.4 27.7'
164 49.3 40.8' 38.0 29.1" 60.6 59.0' 45.5 28.2'
171 46.8 39.8' 26.2 16.2' 70.9 60.5' 31.5 32.0
178 47.0 40.1' 25.4 20.5- 69.1 56.1' 36.0 35.4'
185 46.2 39.4' 23.2 19.5- 49.4 38.2' 60.7 57.4"
192 63.4 57.7' 22.1 20.5' 103.7 78.4' 62.7 75.2
199 73.6 49.7' 12.2 15.4 101.4 53.6' 108.3 81.6'
206 77.1 71.1' 16.7 9.1' 78.9 81.7 148.6 133.5'
213 54.8 48.1' 23.0 19.4' 61.3 53.6* 83.5 74.5'
220 23.3 19.0' 15.1 20.2 31.7 22.9' 19.5 9.5'

*Forecast Error < Persistence Error

the results indicate that the model outperforms questionable cases are thrown out. Figure 8 shows
persistence. All of the results shown used the entire a histogram of the quality data cases and Table 7
OOC bogus as the Gulf Stream truth data to evaluate the means for each area. The results continue to
how the model would perform in a realistic indicate model forecast superiority and show that
operational environment, for the central area, the model performance is better

An attempt was made to discard the cases where relative to persistence than in the case where all of
either the initialization bogus or the validation bogus the data was considered. Table 8, Figure 9, and
was not as accurate because of a lack of quality IR Table 9 show similar results for the 14-day forecasts.
data coverage. Table 6 shows the periods from These results also show model forecast superiority,
Table 2 where the bogus quality was judged to be and the statistics are similar to the results with all
inferior. These cases are shown by NA where data the data combined.
was not available. The results still indicate that The quality data cases were chosen to give
the model outperforms persistence when the confidence in the operational results and to remove
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Figure 6. A scatter plot of the 14-day forecast error ERROR (kin)

against the 14-day persistence error for a series Figure 7. A histogram of the distribution offorecast and
experiments that used operational boguses for persistence errors for an ensemble of 14-day forecasts
initialization and verification, that used operational boguses for initialization and

verification.

Table 5. Mean error for ensemble of 14-day forecasts initialized
and verified with operational boguses compared to that of
persistence for the entire domain and several subsections
of the domain.

OPERATIONAL BOGUS DATA J. D. 122-220, 1990 14-DAY
MEAN ERROR (km)

ENTIRE WESTERN CENTRAL EASTERN
AREA AREA AREA AREA

730-53 0W 730-66W 660-59"W 590-53 0 W

Persistence 49.64 25.87 63.22 58.48
DART Forecast 42.27 20.57 53.11 52.06

questions about the reliability of the operational (error difference) to the standard error of the mean
tests, given the uncertainty of the weekly boguses. gives an estimate of the statistical significance. 0
Because the results were similar to those cases in Table 10 presents the results of a statistical
which all the data were considered, we are confident analysis. The column labeled mean is the mean
that the tests using the entire operational bogus are difference between the forecast error and the
representative of the performance of the DART persistence error. A positive number indicates that
forecast system. the mean forecast error is smaller than the mean

persistence error. The second column is an estimate
B. Statistical Significance of the standard error of the mean. The third column

What is the statistical significance of the is an estimate of the statistical significance of the
improvement of the forecast error over the persis- results. Two statistics can be used to estimate
tence error? The significance is determined by the significance level. If the quantity being analyzed
how well the mean can be estimated, not by the is Gaussian, then the usual "t-test" can be made.
distribution. As the sample becomes larger, The differences for each region were examined using
the distribution remains the same, but the standard the Shapiro-Wilk test for normality, which indicated
error of the mean decreases. Comparing the mean that the distributions were usually not sufficiently
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Table 6. Errors for ensemble of high-quality, 7-day Table 7. Mean error for ensemble of high-quality,
forecasts initialized and verified with operational 7-day forecasts initialized and verified with
boguses (F) compared to that of persistence (P) operational boguses compared to that of persistence
for the entire domain and several subsections of the for the entire domain and several subsections of
domain. High-quality forecasts are a subsample of the domain.
Table 3. Low-quality forecasts are indicated by NA. OPERATIONAL BOGUS DATA J. 0. 122-227. 1990

DART FORECAST SYSTEM 7-DAY FORECAST 7-DAY
QUALITY DATA CASES MEAN ERROR (km)

WESTERN CENTRAL EASTERN
AREA AREA AREA WESTERN CENTRAL EASTERN

73o-66oW 66'-590W 59'-53oW AREA AREA AREA
73o-66'W 66o-59oW 59-'.53oW

JULIANDAY P F P F P F Persistence 19.73 44.34 41.08
-A F - F - - DART Forecast 16.21 29.80 40.44
122 28.0 20.4' 20.9 21.1 NA NA
129 19.5 14.1' 46.3 35.3' 51.9 43.3'
136 NA NA NA NA 22.8 25.3
143 NA NA NA NA 40.3 46.7 Table 8. Errors for ensemble of high-quality, 14-day
150 38.5 31.5' NA NA 29.7 37.5 forecasts initialized and verified with operational
157 NA NA NA NA NA NA boguses (F) compared to that of persistence (P) for
164 NA NA NA NA NA NA the entire domain and several subsections of the
171 10.4 10.9 70.0 28,5' 24.2 24,0' domain. High-quality forecasts are a subsample of
178 24.0 16.9" 52.9 50.1' 18.6 19.5 Table 5. Low-quality forecasts are indicated by NA.
185 21.0 13.1' 31.2 23.5' 32.7 29.3 °  DART FORECAST SYSTEM
192 17.3 16.5' 23.5 14.6" NA NA 14-DAY FORECAST
199 10.2 8.8' 80.4 35.9' 123.9 114.0' WESTERN CENTRAL EASTERN
206 9.1 9.0' NA NA NA NA AREA AREA AREA
213 15.5 9.5' NA NA NA NA 730-660W 660-591W 590-531W
220 23.6 27.6 29.5 29.4' 25.6 24.4* JUL--NJULIAN
227 NA NA NA NA NA NA DAY P F P F P F

*Forecast Error < Persistence Error 122 40.1 22.0' 42.2 32.7' 42.6 47.2

129 NA NA NA NA 57.2 39.3'

136 21.4 26.7 NA NA 57.6 51.6'

143 NA NA NA NA 65.7 67.6
M PERSISTENCE 150 35.2 26.4' NA NA 16.4 20.2

DART FORECAST
157 25.4 13.0' 40.2 35.6' 41.4 27.7'

_ 164 NA NA NA NA NA NA

(n 171 26.2 16.2' 70.9 60.5' 31.5 32.0
uJ

178 25.4 20.5' 69.1 56.1' NA NA

L- 185 23.2 19.5' 49.4 38.2' 60.7 57.4
o 4
cc 192 22.1 20.5' 103.7 78.4' NA NA
LU

199 12.2 15.4 NA NA NA NA
Z 206 16.7 9.1' 78.9 81.7 148.6 133.5'

2 213 23.0 19.4' NA NA NA NA

220 NA NA NA NA NA NA

'Forecast Error < Persistence Error

01 m 0 i 0, U0 0) LO 0D In a D ul 0 Un +
7 eM CV~ C ') .n 'V 1 D ID U' C (0 r,-

Gaussian. Hence, a nonparametric test for statisti
ERROR (kin) cal significance is used for all regions and both

Figure 8. A histogram of the distribution of forecast weeks.
and persistence errors for an ensemble of high-quality, Consider the 1-week forecasts in the eastern
7-day forecasts that used operational boguses for domain as an example. The difference between the
initialization and verification. forecast error and the persistence error has a mean
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6 rTable 9. Mean error for ensemble of high-quality,
m PERSISTENCE 14-day forecasts initialized and verified with
IM DART FORECAST operational boguses compared to that of persistence

5 1 for the entire domain and several subsections of
the domain.

o) 4- OPERATIONAL BOGUS DATA J. D. 122-220, 1990
Wu 14-DAY
< QUAUTY DATA CASES MEAN ERROR (kin)
C-)

S3' WESTERN CENTRAL EASTERN
cc AREA AREA AREA
" 73°-66°W 66° -59°W 59°-53°W

Z2Persistence 24.63 64.91 57.97
DART Forecast 18.97 54.74 52.94

o ~of 3.0 km, which is clearly greater than the standard
O C C::O: 'n D U) C) 'n ;Z.) g error in the mean of 1.6 km. Hence, the mean is

. ' J, '7 > U ,° L ") ' 'n - .clearly different from zero. The chance that the true
E"M .ROR kn omean is actually zero is only 7.7%. In other words,

we can be 92% confident that the mean is not zero
Figure 9. A histogram of the distribution of forecast and and the result that the forecast model beats persis-
persistence errors for an ensemble of high-quality, tence is statistically significant. The results show
14-day forecasts that used operational boguses for that, for any 'region, we can be quite confident-
initialization and verification. 92% or greater-that the forecast composite is better

than the persistence composite at I week and at
least 95% confident at 2 weeks.

Table 10. Results of statistical analysis using the operational
boguses for initialization and verification. The mean of the
difference in error (persistence error minus forecast error),
the standard error (Stderr) of the mean, the statistical significance
and the confidence in the results are shown for the entire area as
well as the western, central, and eastern areas. A nonparametric
distribution is assumed since the distribution is not sufficiently
Gaussian. The results indicate that our confidence that the forecast
has a smaller error than persistence ranges from 92% in the
eastern domain at 1 week to over 99% at 2 weeks in the western
and central domains.

STATISTICAL ANALYSIS AT I WEEK

MEAN STANDARD CONFIDENCE
REGION (kin) ERROR (kin) SIGNIFICANCE (%)

Western 1.8 1.4 0.1046 90
Central 7.3 3.6 0.0615 94
Eastern 3.0 1.6 0.0773 92
Entire Area 4.3 1.6 0.0131 99

STATISTICAL ANALYSIS AT 2 WEEKS

MEAN STANDARD CONFIDENCE
REGION (kin) ERROR (kin) SIGNIFICANCE (%)

iS
Western 6.5 1.7 0.0084 99+
Central 10.1 3.4 0.0024 99+
Eastern 6.4 2.7 0.0479 95
Entire Area 7.4 1.4 0.0001 99+
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VI. Comparison of the Forecast B. Data Assimilation System
System to the Existing 1. Description of Experiments
Operational Capability A simple data assimilation system is set up byOpertionl Cpabiityusing a 1-week forecast as data for interpolating

A series of experiments are made to evaluate the usna -ekfrctasdafoitrplig
DAR ssteis of expe iet na ma de .To lt h across gaps in the frontal path data at the time of

DART system in a quasi-operational mode. To link the forecast validation. Such a system brings data
these experiments to the operational world, observed forward in time. Without the forecast model,
data gaps are superimposed on the CIMREP paths the frontal path could only be determined from the
used for model initialization. Previous 1-week previous week's data because the skill of persistence
forecasts are used as data across long data gaps in is small at much beyond I week. The forecast
the initialization path, thereby simulating the model is initialized from data that are I to 2 weeks
operational use of the system. An operator has to old. The value of the forecast system is that it can
make several judgments to run this system in such be used to fill a data gap-not by assuming that the
a data assimilation mode. These judgments are an aged data is persistent, but by using an estimate of
integral part of the experiments presented in this how the aged data has evolved in time.
section. The product of this system, which is a The observations and the forecast path need not
composite of frontal path data and a previous model agree at the edges of the data gaps. In practice, the
forecast, is evaluated by comparing differences forecast is used as data across data gaps longer
between the composite and the gapless CIMREP than about 2.5 degrees of longitude. The match
path to the differences between the CIMREP path between data and the forecast at the edge of the
and a composite of data and a persistence gap is judged to be too sensitive to latitudinal shifts
forecast. The latter composite mimics the opera- and longitudinal phase shifts of the forecast path
tional capability. An estimate of the value added for the forecast to be directly substituted into a
by the forecast system can be obtained from this short gap. In these cases, PATHFINDER is used
comparison. alone to interpolate across the data gap. This

A. Observed Data Gaps 179 , AGE OF
193 DATA

The observed data gaps are obtained from data 193 IN DAYS

supplied by the OOC. These data consist of 30, 249 = 1-3

almost continuous weekly maps of the frontal path. 263 01111 8+

Each map shows the path segments seen over the 277

previous week or so, as well as the composite of - 291

these data. The analysis of the path segments and 29
the composite were done by the OOC. Maps of 305
data gaps are obtained by identifying the longitudinal , 319 In
segments of each map that have no data of age 333
7 days or younger. 347

The distribution in time and space of the age of
the data is presented in Figure 10. Longitudinal 361
bands with data of age 1-3 days, 4-7 days and 1
greater than 7 days are shown. A band with data of 17
age 4-7 days implies that there are no data of age -

1-3 days. Bands with no data younger than 8 days 45
are considered data gaps. The fraction of the path 57
seen from July to November is typically greater -74o _70o -66° -620 -580 -540 _500
than 80%. In December and January, the fraction is LONGITUDE
only 30%-70%. The gaps are also rather persistent Figure 10. A plot of the age of the most recent IR data
in winter. The quantity of data is insufficient to available to map the Gulf Stream frontal path as a
determine how representative these data are of the function of longitude for each bogus in a nearly
long-term average, continuous series.
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judgment is, of course, subjective, and is open to intended role as a means of filling data gaps, these
further examination, experiments are a realistic evaluation of the model

Even in the case of a long data gap, there can be in a quasi-operational mode. The objective of these
a disconnect between the observations and the experiments is to compare the total system, which
forecast at the edge of the gap. The approach taken is the DART model and PATHFINDER, to the
in these experiments is that the operator must present operational capability, which is PATH-
reconcile the disconnect between the paths to obtain FINDER plus an assumption of persistence.
a composite path that agrees with observations where
they are available, agrees with the forecast well 2. Example- 88/131
within the data gaps, and smoothly merges the Figure 11 is a plot of the frontal path for 88/131
forecast path to these observations at the edges of (11 May 1988); the IR data coverage was sufficient
the data gaps. As part of these experiments, the to map virtually the entire length of the path. After
experimenter reconciled such differences by adding the eighteenth map (J.D. 354 of 1989) of data gaps
or deleting points from the forecast path as needed is superimposed on this path, only the fraction of
without examining the known, gapless path for the path shown in Figure 12 can be seen. The
guidance. The role of the operator and the potential previous week's (88/124) model initialization and
for an objective technique to assimilate the obser- 1- and 2-week forecasts are shown in Figure 13.
vations and a forecast are discussed more fully in The data available on 88/131 (Figure 12) and the
section VIII. 1-week forecast segment (initialized on 88/124 and

In the proof-of-concept study, a persistence valid on 88/131) that is used to fill the data gap are
forecast assumes that the initial state for the fore- shown in Figure 14. PATHFINDER is used to merge
cast persists for the duration of the forecast. However, the data and forecast segment, as well as to
the initial states for these forecasts are composites interpolate across short data gaps. The resulting
of data and a forecast. Hence, an assumption that
the initial state of the forecast is persistent is an 450
ambiguous measure of how well the system with N
the forecast model compares to a system that has
no such model. 400

An alternate definition of persistence is used here.
A composite frontal path is a blend of data where 350
it is available, an application of PATHFINDER 350

across short data gaps, and an assumption that the
previous week's path is persistent across long data 30, I

gaps. PATHFINDER also blends the data and the 750 700 650 600 550 500 450W
persistent path. By applying this technique to allpaths in a continuous series of experiments, the Figure 11. The path of the Gulf Stream frontal axis on
presna caabltyins moeled ofJulian day 881131. There were abundant data for analysispresent capability is modeled. of the path in this case.

The average absolute distance (error) between fi
two curves over a specified longitudinal range is 450
used as the quantitative measure in the evaluation N
of the forecasts. This distance is obtained using the
program AXERR to divide the area between 400c %

the curves by the path length. In particular, AXERR '00 -
is used to determine the error between the known, 0

gapless CIMREP path on one hand and the composite 35°
of data and the forecast. A comparison of this error
to that between the gapless CIMREP path on one 300 I
hand and a composite of data and an assumption of 750 700 650 600 550 500 450W
persistence on the other hand is used to evaluate Figure 12. The observed positions of the Gulf Stream
the forecasts. frontal axis on Julian day 881131 after the 18th map of

By using observed data gaps, by simulating the observed data gaps is superimposed on the path shown
role of the operator, and by using the forecast in its in Figure 11.
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composite is shown in Figure 15. The observations observed path and the persistence composite. Also
available for the initialization of the previous forecast shown is the difference between the two errors, as
on Julian day 124 are shown in Figure 16. well as the percent difference. The forecast composite

Across the data gap, the composite of data and the has a smaller error than does the persistence com-
forecast has a smaller error than does the composite posite; i.e., the former is a better composite in 10
of data and persistence (see Table 11). The errors of the 14 cases, or 71% of the cases. In two of the
are 12.2 km and 17.1 km, respectively. The cases in which the persistence composite is better
improvement is 4.9 km, or 28.7% over the persistence (87/104, gap map 18, and 88/138, gap map 20), the
error. A comparison of the gapless path to the two difference is less than 2 km. In the other two cases
composites (Fig. 17), shows that the forecast of the persistence composite being better than the
composite has visually better agreement with the forecast composite (89/158, map 23, and 89/165,
gapless path. map 24), the result can be attributed to a problem

with the forecast initialization process.

C. Ensemble of Experiments A scatter plot of the forecast and persistence errors

1. Summary is shown in Figure 18. The diagonal line across the
plot indicates where the forecast and persistence

Table 11 presents the results of an ensemble of errors are equal. Most of the points lie close to or
data assimilation experiments. This table shows the below the line. The two points that lie the farthest
error between the gapless observed path and above the line are the two cases that have the forecast
the forecast composite, as well as that between the initialization problem.

A histogram of the forecast and persistence errors
450 is presented in Figure 19. It shows that while the
N ,persistence errors are 30 km or larger in five cases,

the forecast errors are this large in only three
40'

450

350 N

400
30 I I

750 700 650 600 550 500 450W
350

Figure 13. The initial state (solid line), 1-week forecast

(dashed line) and 2-week forecast (dotted line) of the
frontal axis for a forecast initialized on Julian day 124 300 [ I

of 1988. The initial state is obtained by superimposing 750 700 650 600 550 500 45°W
the 17th map of observed data gaps on the CIMREP Figure IS. The frontal path obtained by usin
frontal path data Julian day 124 of 1988 and using PFiDe R To fit a path toted showing

PATHINDR tointrpoate cros te daa gps. PATHFINDER to fit a path to the data shown in
PATHFINDER to interpolate across the data gaps. Figure 14. All of the observations and forecast positions

450 Oare assumed to be new (no aging).

N
450

400 4

350

350

300 750 70 650 600 550 500 450W
Figure 14. The frontal path observations available on 30, I I

Julian day 131 of 1988 (0, the same as Fig. 12) and the 750 700 650 600 550 500 45°W
1-week forecast path valid on Julian day 131 of 1988 Figure 16. The observations available for the initialization
(x) for the long data gap at 66"-73 OW. of the model forecast on 881124 (Fig. 13).
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Table 11. Average absolute offset error for composites of data and a forecast,
as well as composites of data and an assumption of persistence for an
ensemble of cases. The errors are relative to the gapless observed path
and are calculated across superimposed data gaps.

DATE DOMAIN GAP PERSISTENCE FORECAST (P-F) (P-F)/P
(YR/J. D.) (LONG. W) MAP ERROR (km) ERROR (kin) (km) %

87/104 72.8-66.1 18 21.1 22.9 -1.8 -8.5

87/111 58.0-51.0 19 22.8 14.4 8.4 36.8

87/133 66.1-72.8 18 56.5 42.2 14.3 25.3

88/131 66.1-73.0 18 17.1 12.2 4.9 28.7

88/138 51.0-58.2 19 57.9 56.6 1.3 2.2

88/131 51.0-58.2 19 32.4 28.9 3.5 10.8

88/138 64.9-75.0 20 16.0 16.5 -0.5 -3.1

88/138 51.0-61.5 20 37.2 30.5 6.7 18.0

89/158 66.1-73.0 18 23.5 22.9 0.6 2.6

89/165 51.0-58.2 19 22.7 22.6 0.1 0.4

89/172 64.9-75.0 20 31.6 25.1 6.5 20.6

89/172 51.0-61.5 20 16.6 14.6 2.0 12.0

89/158 54.7-57.0 23 12.1 18.9 -6.8 -56.2

89/165 54.8-57.9 24 19.3 26.2 -6.9 -35.8

Averages 27.6 25.3 2.3 8.3

cases. The forecast composites also have very small can be used to judge the skill of the forecast
errors (10-15 km) in three cases, while the persis- system over persistence (Fig. 20). In six cases, the
tence errors are this small in only one case. improvement is greater then 3 km (approximately

The averaged results are also presented in 10% of the persistence error), in six cases it is
Table 11. The ensemble of persistence cases has an
average error of 27.6 km. The average error for the 75
forecast cases is 25.3 km, which is an improvement
of 2.3 km, or 8.3% over the average persistence K
error. The improvement in the error of the forecast 60
composites over that of the persistence composites

cc 45 -

U)

j j=40c < 30

35015

30* I I .
750 700 650 600 550 500 450W 0 I I

0 15 30 45 60 75
Figure 17. A comparison of the observed. gapless PERSISTENCE ERROR (km)

CIMREP frontal path for 88/131 (solid line), the
composite of available observations and a 1-week Figure 18. A scatter plot of the error of the composite
forecast (dashed line) and a composite of the available of data and a 1-week forecast to the error of a
observations and an assumption of persistence (dotted composite of data and persistence. Both errors are
line). relative to the gapless, CIMREP path.
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between plus and minus 3 km, and in just two cases, north wall is inferred from an axis path and the axis
it is worse than a degradation of 3 km. If a percent then inferred from that north wall, then the inferred
change in the forecast error over the persistence axis does not necessarily agree with the original axis
error of 10% or larger is arbitrarily judged to be wherever the path has curvature. This shifting
significant, then the forecast composites are sig- procedure is specific to the experiments using the
nificantly better than the persistence composites in CIMREP paths, which are axis paths. The operational
one-half of the cases, are comparable in about one- boguses are north wall paths. Experiments using
third of the cases, and are significantly worse in operational boguses have a different, but related
the remaining cases (Fig. 21). problem of inferring the north wall path from the

model-generated axis path so that it can be merged
2. Example - 89/158-89/165 with the north wall observations.

The use of this forecast system requires that The following example demonstrates the conse-
the path of the Gulf Stream north wall and that quences of this lack of agreement. Figure 22 shows
of the frontal axis be inferred from each other. The
reason for this inference is that the forecast model 8
determines the path of the axis, which is readily
merged with the CIMREP axis paths, but the feature
model used in the model initialization process keys
off the north wall. In the implementation used for 6
the proof-of-concept study, as well as for these U)
experiments, the north wall is assumed to lie 40 km <
to the left of the axis while looking downstream. o
The feature model in OTIS is used to construct a C 4

w-three-dimensional thermal analysis from the path
of the north wall. The surface topography of this :
thermal field is then estimated, and the axis of 2
the front in that topography field determined. If the

5 -0
* FORECAST COMPOSITE D < -3 km -3 km < D < 3 km d > 3 km
*l PERSISTENCE COMPOSITE DISTANCE

4 Figure 20. A histogram of the difference in error
(persistence composite error minus forecast composite

nerror).
LU

U))CC)

< 3

0 2

ccJ

2 2

u~ ~ n ~in~ i c i 0

ERROR (kin) P<-10% -10%<P<10% P>10%

Figure 19. A histogram of the distribution of error within PERCENT DIFFERENCE
the ensemble of composites of data and a 1-week forecast Figure 2). A histogram of the percent difference in error
as well as the corresponding ensemble of composites of ((persistence composite error minus forecast composite
data and persistence. error)/persistence composite error).
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the observed, gapless frontal paths on Julian days 151 axis of the model initialization of that day. (Note
(31 May), 158 (7 June) and 165 (14 June) of 1989. that the Julian day 158 initialization uses a composite
A data gap is superimposed on Julian days 158 of data outside of the gap and the previous I-week
(54.7°-57.0°W) and 16-f (54.8 0-57.9 0 W). These two forecast across the gap, which covers the meander.) *
gaps are nearly identical and cover much of a In both cases, going from an observed or forecast
meander at 55 0-56°W. The observations show that axis to the north wall and then to the axis of the
this meander maintains its initial amplitude and feature-modeled field results in a reduction of
perhaps broadens a little. In addition, the eastern the amplitude of the meander.
wall of the meander is observed to deepen south-
westward. Figure 23 shows the composites of data 3
(outside of the gaps) and the previous I-week fore- 3. Statistical Significance
cast (across the gaps) for Julian days 158 and 165. The same statistical analysis used to test the
The composite meander maintains its amplitude and significance of the experiments with operational
deepens southwestward. However, the amplitude is boguses (section VIIB), is applied to these experi-
substantially smaller than observed. As a result the ments. The results are shown in Table 12. In this
statistical analysis presented above shows that case, the distribution is sufficiently Gaussian to use •
persistence is a better description of the meander the t-test. The mean, 2.31 km, is larger than the
than the composites are. standard error in the mean, which is 1.53 km.

The reason for the small amplitude is the problem The significance level is 0.156, which means that
with shifting between the axis and north wall. we can be 84% confident that the forecast composite
Figure 24 shows the observed frontal axis on Julian error is an improvement over that of the persistence *
day 151, as well as the axis of the model initialization composite.
generated from that path. Similarly, Figure 25 shows
the 1-week forecast valid on Julian day 158 and the 450

N 400 .---

35 ° 35o
350

0 30 I t 1 I I
3Q0 I I I 750 700 650 600 550 500 450W

750 700 650 50 5 500 450W Figure 24. A comparison of the observed, gaplessfrontal
path on 89/151 (solid line) and the axis of the model

Figure 22. A plot of the gapless, CIMREP frontal paths initialization generated for the same date (dashed line).
for 89/151 (solid line), 89/158 (dashed line) and The two paths disagree near 63.3-68.9W because of a
891165 (dotted line). data gap. However, there is no data gap at 54-58W at

this time.
450

N 450
N

400
400----

350 -
350 /

30, I I I
75 0 7Co 65 ' 60 0 550 50 0 45 W 30 I I I 1 0

750 700 65 60' 550 50 45°W70 7~6~50 5 0 5W

Figure 23. A plot of the composites of data and a

1-week forecast for 891158 (solid line) and 891165 Figure 25. A comparison of the 1-week forecast valid
(dashed line). The data gaps are at 54.7-57.0 on on 891158 (solid line) and axis of the frontal path in
891158 and 54.8-57.9 on 891165. the forecast initialization on that date (dashed line).
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Table 12. Summary of statistical analysis as well as the 1- and 2-week forecasts (the standard
of the difference in error between the case). Figure 27 is a parallel initialization and forecast
persistence composite and the forecast (case a) but with a section (67 0-70'W) of the initial
composite (persistence minus forecast). standard path deleted, and PATHFINDER used to

Mean - 2/31 km interpolate across the gap. The initializations and
Std. Dev. - 5.73 km forecasts for the two cases are shown side-by-side
Std. Err. . 1.53 krn in Figures 28-30. In this case, the initial differences

Shapiro-Wilk test: are on the western side of a trough in the standard
W(Normal) -0.969 case. Figure 28 shows that the data at the western
Prob <W ,0.817 edge of the gap is propagated downstream about

T-test: one correlation scale length and then smoothly joined
T(Mean -0) -1.51 to the data on the eastern edge of the gap. The
Significance -,0.1561 result is a trough in the path that is narrower than
Confidence = 84% and out of phase with the standard case. The time

evolution of the paths shows that at 2 weeks the
trough of case a is about 900 out of phase with

Also presented are the results of the Shapiro- the trough of the standard case.

Wilk test, which shows the distribution to be The latitudinal offset of the paths is shown in
sufficiently Gaussian, and the results of the T-test. kilometers in Figure 31. The initial difference
These results indicate that the forecast composite
has a mean improvement in the error of 2.3 km 450
over that of the persistence composite. Using a N
T-test, we have a confidence of 84% that using the .
forecast rather than persistence improves the frontal 400

nowcast.

350

VII. Evolution of Initialization
Uncertainties 30 I

750 700 650 600 550 500 45'W

A. Parallel Experiments Figure 26. A forecast model initialization (solid line),

There are numerous sources of uncertainty in the a 1-week forecast (dashed line) and a 2-week forecast
initial state of the forecast. Digitization of a frontal (dotted line). The initialization is dated 8 April 1987.
path from abundant IR data by even a skillful This is the standard casefor thefollowing conparisons.
operator has uncertainties. An ensemble of digiti-
zations would form an envelope with an amplitude 450
of perhaps 15-20 km about the mean path of the N
ensemble. If there is a gap in the path data, then
the operator must either make a subjective interpo- 400 , ,
lation across the gap or use some interpolation
software. Both alternatives introduce uncertainties. 35

How do these uncertainties evolve with time? 3
This question is investigated by comparing pairs of
parallel forecasts. A gapless CIMREP path is used 30" I I I I

to initialize both forecasts of a given pair. However, 750 700 650 600 550 500 45OW
for one of the forecasts, a section of the path isdeleted and the PATHFINDER system is used to Figure 27. A forecast model initialization (solid line),

deleed nd he ATHINDR sste isuse to a l-week forecast (dashed line) and a 2-week forecastinterpolate across the resulting gap. No data, such ai-ekfrcs(dhdln)ada2wekoeat(dotted line). The initialization is dated 8 April 1987.
as a previous forecast, are used to aid the In this perturbed case, the standard initial state
interpolation. (Figure 26) has been modified by deleting a section of

Figure 26 is an example of a model initialization the front near 67-70W and using PATHFINDER to
from the CIMREP path dated 8 April 1987 (87/097) interpolate across the resulting gap.
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between the paths can be seen translating down- substantially larger at later times and is propagating
stream (to the right) with an amplitude that slowly downstream. In addition, a wavelike structure can
decreases with time. Figure 32 is a plot of the same be seen developing behind the leading edge and is
curves but in a frame of reference that translates especially prominent at 2 weeks. A similar evolution
downstream at a speed of 38 cm s-1 . The initial can be seen for the small positive extremum in the
difference is virtually at rest in this frame of initial difference near 62.3*W. In both cases,
reference. In addition, waves of short wavelength the speed of the these short waves is about
can be seen dispersing about the initial difference. 9 cm s-1 (in the translating reference frame) plus
The initial difference has a small negative extremum 38 cm s-1 (the speed of the reference frame), or
on its leading edge near 66°W. This extremum is about 47 cm s- 1. Finally, the leading edge of *

450 _ 150

120 -

40 . .- 90 -

- 60-
z 30 -

35°  "' 0 ... . ..

7500

30

75°  70°  650 600 550 500 45oW 90
-120-

Figure 28. A comparison of the initial states of the -150
standard case (solid line) and case a (dashed line). -75 -70 -65 -60
See Figures 26 and 27. LONGITUDE (deg)

450 Figure 31. A comparison of the latitudinal offset in
kilometers between case a and the standard case (case
a - standard) at the time of initialization (solid line),

400 - - at I week (dashed line) and at 2 weeks (dotted line).

350 150

120

30 I I I90

750 700 650 600 550 500 450W 60

Figure 29. A comparison of the 1-week forecasts of the o 30
standard case (solid line) and case a (dashed line). ..... .... -

See Figures 26 and 27. ,) 0
LIL
o -30

450 .- 60
N 6

-90
4-- -"-120 -

-- -150
350 - -75 -70 -65 -60

LONGITUDE (deg)

Figure 32. A comparison of the latitudinal offset in
750 70 650 600 550 50. 450W kilometers between case a and the standard case (case *

a - standard) at the time of initialization (solid line), at
Figure 30. A comparison of the 2-week forecasts of the I week (dashed line) and at 2 weeks (dotted line) in
standard case (solid line) and case a (dashed line), a frame of reference that is moving eastward (right) at a
See Figures 26 and 27. speed of 38 cm s'.
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initial difference between the two paths develops a evolution of the leading edge of the initial differ-
sinc(x) = sin(x)/x-like structure. ences, as well as the extrema in the initial differences

Cases using gaps at different locations and of near 72.2 0 W and 62.2°W. Another example, case c,
different lengths have also been made. Figure 33 is preserted in Figures 35 and 36. Figure 36, which is
presents the initializations of case b, in which the a plot of the differences in a frame of reference that
difference lies on the eastern side of a trough in is translating downstream at 38 cm s-1 suggests
the standard case. Figure 34 shows the differences that the peak differences translate downstream at
between the standard and case b. Again, the evolution approximately 38 cm s-1, but that the main body of
resembles a difference field that is translating down- the differences is translating at a somewhat slower
stream at a speed of approximately 38 cm s-1 with speed. The sinc(x) structure of the leading edge
short dispersive waves developing both upstream and the dispersive waves are clearly evident in this
and downstream of the initial difference. Note the case.

45' V 450 \ \ .5

400 V 4f00

35c' , 35'

30 ' 30°  I I75o 70' 650 60' 550 50' 450W 750 700 650 60°  550 50' 45W

Figure 33. A comparison of the initial states of the Figure 35. A comparison of the initial states of the
standard case (solid line) and case b (dashed line). In standard case (solid line) and case c (dashed line). In
case b, the standard initial state was deleted between case c, the standard initial state was deleted between
about 66 and 68W, and PATHFINDER was used to about 64 and 70W, and PATHFINDER was used to
interpolate across the resulting gap. interpolate across the resulting gap.

150 i 150

120 -- 120 _

90 -90
E 60 E 60

0-30 H 0-30Z Z

U_60 -60
.---60 -60

-90 - -90

-120 -120 -

-150 I I -150 I
-75 -70 -65 -60 -75 -70 -65 -60

LONGITUDE (deg) LONGITUDE (deg)

Figure 34. A comparison of the latitudinal offset in Figure 36. A comparison of the latitudinal offset in
kilometers between case b and the standard case (case kilometers between case c and the standard case (case
b - standard) at the time of initialization (solid line), at c - standard) at the time of initialization (solid line), at
I week (dashed line) and at 2 weeks (dotted line) in a I week (dashed line) and at 2 weeks (dotted line) in a
frame of reference that is moving eastward (left) at a frame of reference that is moving eastward (left) at a
speed of 38 cm s-1. speed of 38 cm s- 1.
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B. Monte Carlo Estimates of 15 km, could be assigned to new, 1-day-old
Forecast Confidence observations; aged data would have a larger

Fox et al. (1990) describe a Monte Carlo approach uncertainty. The mean errors of the forecasts
to estimating the confidence in the forecast, which initialized and verified with the operational boguses
is summarized here because of its relevance to the (Table 3) could be used as a first estimate of the
operational use of the model. Given an initial Gulf forecast uncertainty. The resulting relative weights
Stream frontal path, an ensemble of initial states are presented in Table 13. Several issues need to
within an envelope of uncertainty can be obtained be examined: how well can PATHFINDER blend
by applying a rubber sheet error model to the path. the forecast and observations, what are the proper
This error model distorts the path by shifting the relative weights, and what are the proper spatial 4
path in a random but correlated manner. If a fore- and temporal correlation scales.
cast is made for each initial state in this ensemble,
then the relative size of the forecast envelope at A. Example - 88/138
frontal points could give an estimate of the sensitivity The observed frontal path and the model forecast
of the forecast path to uncertainties in the initial do not necessarily agree at the edge of a data gap. *
state. This approach could identify frontal segments Figure 37 shows the observed gapless evolution of
that require special care in their analysis. the frontal path from 88/124 (4 May 1988) to

89/138 (18 May 1988). Note in particular the major
changes that are observed in the path between 600

VHI. Role of the Operator and 65'W. With the 20th map of data gaps super-

Although the forecast system can be run by having imposed, only a small fraction of the path is seen

the operator execute three sets of commands, called on 88/138 (see Fig. 38). The 88/131 initialization of

UNIX scripts, plus graphics as desired, the assimi- 0- -odel and the 1-week forecast (valid 88/138)
arc also shown on Figure 38. The model missed thelatin o theforcas andobsrvaionsint, a pinch-off of a cold-core ring and the subsequent

composite analysis of the frontal path couAd require northward shift of the path. As a consequence, the

an operator to interact with the assimilation process. n
In particular, the issue is how to reconcile the fLecast
and observations at the edge of the data gaps. The Table 13. First estimate of relative weights to be
PATHFINDER system has not been well tested for assigned to a forecast and new (1-day old)
this task. For the experiments presented in section observations in an optimum interpolation-based

technique to combine a forecast path and path
VI, an engineering-like approach was used to observations into a composite path. •
combine PATHFINDER and the available operator WESTERN CENTRAL EASTEF;
into a workable technique that did not require AREA AREA AREA
extensive testing. In this section, some examples (73-66 W) (66'-59'W) (59o-53*W)
of this approach are presented as performed by the Observatons 1.0 1.0 1.
experimenter. These examples identify cases of Forecast 0.85 0.39 0.38
mismatched observations and forecasts that any
technique will need to handle.

The Technical Validation Panel discussed the 450
proper way to blend the forecast and the observa- N
tions into a composite path. They noted that in
atmospheric modeling, the forecast is used as a first 400
guess and the observations are blended into it via
optimum interpolation. The suggestion was made
that given the proper relative weights, PATHFINDER 350

could indeed blend frontal path observations into
the forecast path without generating unphysical paths. 30 I I I i
A first estimatc of the relative weights could be 750 700 650 600 550 500 45°W
made by computing the ratio of the uncertainty in rigure 37. A plot of the gapless CIMREP frontal paths
the observations to the uncertainty in the forecast, for 88/124 (solid line), 88/131 (dashed line) and 88/
The uncertainty in the analysis of IR images, about 138 (dotted line).
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observed and forecast paths are offset from one forecast valid on 87/111 for the area east of 58 0 W
another at the edge of the data gap at 65°W. To is shown by the x's. The paths do not agree well at
smoothly blend the two paths, the forecast path is 58 0 W. The path fitted to these data by PATHFINDER
deleted between 650 W and 66'W. PATHFINDER is shown in Figure 41; it is not realistic. The forecast
is then used to smoothly interpolate between the positions between 570 and 58°W are deleted (Fig. 42)
forecast and observed paths. Figure 39 shows the in the hope that PATHFINDER will smoothly
edited forecast segment, the observed path, and connect the observations to the remaining forecast
the composite path. The composite path agrees positions. However, the fitted path (Fig. 43) extends
with the observations where they are available, farther north than would be expected. By inserting
agrees with the forecast away from the data, and an additional point in the forecast path (shown by
smoothly merges the observations with the forecast. the triangle in Fig. 44), a fitted path is obtained

that is a subjective best fit of the data and the

B. Example - 87/111 observations. This path fits the observed amplitude
and the western wall of the meander, as well as the

Sometimes, a composite meander must be con- forecasted position of the eastern wall. A compari-
structed. Figure 40 is an example. After the 19th son of the composite meander (Fig. 45) to the gapless
data-gap map is superimposed on the complete verification path (also shown on Fig. 45) shows
CIMREP path for 87/111 (21 April 1987), only the excellent agreement.
observations shown by the squares are available;
there are no observations east of 58°W. The 1-week C. Example - 89/172

Not all instances of operator involvement are
45c successful. Figure 46 shows the available observa-
N tions and the forecast path segments for 89/172

400
450

N
35040

300 400

750 700 650 600 550 500 450W 350

Figure 38. A plot of the available frontal path data
after the 20th map of data gaps has been superimposed I I I I
on the CIMREP path for 881138 (solid line), the forecast 30,
initialization dated 88/131 (dashed line) and the 750 700 650 600 550 500 451W
1-week forecast valid 881138 (dotted line). Figure 40. A plot of the available frontal path

observations (0) and the 1-week forecast segment used
450 to interpolate across the data gap east of 58W (x).

N These data and forecast positions are valid 87/111.

400 450

N

350 400

30. I I 350
750 700 650 600 550 500 45OW

Figure 39. A plot of the edited forecast segments that
are used for filling the data gaps (solid lines), the 30, I I
available observations of the frontal path (dashed line) 750 70o 650 600 550 500 45°W
and the path fitted to the forecast and observations by Figure 41. The frontal path obtained by using
using PATHFINDER (dotted line). PATHFINDER to fit the data and forecast in Figure 40.
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45° (21 June 1989). There is a mismatch between the
N _data and the forecast near 65 0W. To reconcile this

- 0 .- [ mismatch, the eastern end of the forecast segment400 ,

_ - .. is deleted (see Fig. 47) and PATHFINDER is used 0
to merge the remaining forecast path to the obser-

350 vations. The resulting composite path (also shown
in Fig. 47) has a broad meander and the pointed
comers of both the data and the forecast. In contrast,

30. i ,the gapless paths of 89/165 and 89/172 (Fig. 48)
750 700 650 60c 55 ' 50 ' 45ow 4

Figure 42. The same as Figure 40 but with the edited 450

forecast segment. The western edge of the forecast
segment has been edited eastward. 400

450

N0 350

40. ,

30 -
350 750 70°  550 600 55' 50' 45°W

Figure 46. A plot of the 1-week forecast segments (solid

300 lines) and the available path observations (dashed line)
750 700 650 600 550 500 450W for 89/172.

Figure 43. The frontal path obtained by using 450
PATHFINDER to fit the data and forecast in Figure 42. N
450

400 ..
35 o -350

350 J
750 700 650 600 550 500 45OW

30° iL Figure 47. The same as Figure 46 but with the edited
750 700 650 600 550 500 450W forecast segments. The ends of the forecast segments

Figure 44. The same as Figure 42 but with a "bogus" that are adjacent to the observations have been edited

point (the triangle) inserted as additional data. away from the observations. PATHFINDER has been
used to fit a curve to these data and forecast segments

450 \(dotted line).
N

450

400 N

400
350

; L 
350F30 K_ I I L 1!

750 700 650 600 550 50' 45OW

Figure 45. A comparison of the composite of available 30 o

observations and a I -week forecast (solid line) obtained 750 700 650 600 550 500 45'W

by applying PATHFINDER to the data in Figure 44 to Figure 48. A plot of the gapless, CIMREP frontal paths
the gapless, CIMREP verification path (dashed line), for 891165 (solid line) and 891172 (dashed line).
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show only one such comer on 89/172. Specifically, observations. The 1-week model forecast that is valid
Figure 48 shows that the axis of the sharp meander on 87/133 has not pinched off this ring. As a result,
near 65'W rotates clockwise about 900 during the the forecast composite strongly resembles persis-
week. The 1- and 2-week forecasts initialized on tence. However, if a composite (see Fig. 51) is made
89/165 (Fig. 49) show this sort of behavior but at using the 2-week forecast that is valid 87/140, then
a slower rotation rate. Hence, the meander appears the composite agrees exceptionally well with the
in different locations in the forecast and observations, observations. The error between the observed path
The edge of the data gap lies between them so that and the composites is dramatically reduced in the
both meanders appear in the composite. In hindsight, case using the 2-week forecast (Table 14). Opera-
the operator should have deleted the entire meander tionally, an operator could examine the forecast for
from the forecast path and used PATHFINDER to events that occur between the 1- and 2-week
smoothly merge the remaining forecast path with forecasts. If he or she finds such an event and the
the observations. With experience, an operator might event lies with a data gap, then the 2-week forecast,
be able to compare the available observations to rather than the I-week forecast, could be used in
the model forecast and, realizing that the model is making the composite.
perhaps a little slow in evolving features, make such
a judgment. 45

N

D. Example - 87/133 400 . -.-

In some cases, the operator might choose to
interpolate across data gaps using a 2-week fore-
cast rather than a I-week forecast because the forecast 350

model is slow in its modeling of events. Figure 50
shows the gapless observed path for 87/133 30 i I I I I
(13 May 1987), as well as the forecast and persis- 750 700 650 600 550 500 450W
tence composites. The deep meander that was seen Figure 50. A plot of the gapless, CIMREP path for
near 67°-68*W on 87/126 (see the persistence path) 87/133 (solid line) as well as the forecast (dashed line)
has pinched off by 87/133, as shown by the gapless and persistence (dotted line) composites.

450 ___ ____- _ ______-_____ ______ ______40
°N  

\ \\ -\---

40
40040

350
350 .'

300
300 i I I I I 750 700 650 600 550 500 450W

750 700 650 600 550 500 450W Figure 51. A plot of the gapless, CIMREP path for
Figure 49. A plo: of the axis inferred from the forecast 871133 (solid line) and a composite of the available
initialization on 891165 (solid line) and the 1-week observations and the 2-week forecast valid on 871140
(dashed line) and 2-week (dotted line) forecasts. (dashed line).

Table 14. Comparison of error for a pair of data assimilation experiments.

FORECAST DATE PERSISTENCE FORECAST (P-F)/P (P-F)IP
AS DATA VALID ERROR (kin) ERROR (km) (km) (%)

1-Week Experiment 13 May 56.5 42.2 14.3 25.3
2-Week Experiment 20 May 56.5 12.6 43.9 77.7
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IX. Summary and Conclusions An ensemble of data assimilation experiments

A. Summary shows that frontal path nowcasts that are composites
of data and a forecast are typically comparable to

The purpose of this work is to transition the DART or better than composites of data and persistence.
Gulf Stream forecast system to operational U.S. Navy Results show that the errors of the forecast com-
use. Recall that the proof-of-concept study demon- posites are on average 2.3 km, or 8.3%, better than
strated that the system makes 1- and 2-week forecasts the present operational capability. Using a t-test,
of the Gulf Stream path that are statistically btr we have a confidence of 84% that using the forecast
than persistence when there are reabundant data for rather than persistence improves the frontal nowcast.
initialization and verification. The results of an This work addresses thrust 3 of the plan. W
evaluation of the model in a more operationally Pairs of experiments show that the difference in
realistic mode are presented here. Two sets of initial states is propagated downstream at approxi-
experiments designed to evaluate the forecast skill mately 38 cm s -1. Dispersive short waves are evident.
of the system in a quasi-operational environment maey3cms1Diprvehotwesrevdn.
ofe the sysxthe inparqu-oerato eniment, The leading edge of the difference develops a sinc(x)-
are the crux of the report. In one set of experiments, like structure. This work addresses thrust 1 of the

operational front and ring maps are used to initialize lan.

and verify 1- and 2-week forecast experiments. In

the other set of experiments, a simple data assimi- The inference of the frontal axis and the north

lation system is set up by using a I -week forecast wall from each other, which is part of the totallatin sste isset p b usng 1-wek oreast system but not the forecast module itself, is a

to interpolate across long data gaps. The gappy paths technical problem that degraded several forecast

are constructed by superimposing observed data gaps tcpites told that he froal as

on complete frontal paths. This data assimilation composites. It should be noted that the frontal axis
systm i copare totheexitingopeatinal is determined from the pressure field and that the

system is compared to the existing operational

capability. This report also considers the evolution north wall is observed by examining thermal

of uncertainties in the initial state. Finally, the gradients at the surface; hence, these paths are quite

potential role that an operator would have while distinct entities.

using this system as an aid for constructing a front The assimilation of the forecast and the observa- 0

and ring map is described. tions into a composite nowcast of the frontal path

The DART Transition Plan, (see appendix) listed often requires that a mismatch between the forecast
and the observations at the edge of a data gap besxtr fort sevti the dat yst reconciled. In the work reported here, we applied

real-e forecast sensitivity ata ps an engineering approach that uses available resources
• real-time forecast sensitivity studies and experience rather than a new development effort.
• the value added by the forecast system In particular, an operator reconciles the mismatch
" snstsing abunodanitiata n tby editing the forecast. Cases of special concern
* sensitivity of the model initialization to the arthsinwchhefeathstecoet

versin ofOTISare those in which the forecast has the correct
version of OTIS character but is slow in evolving features. A trained

* other measures of forecast performance. operator can use this approach to successfully 0
reconcile these mismatches.

B. Conclusions The research-grade boguses for new tests using
The DART Gulf Stream forecast system can make abundant data were not available in time for these

I- and 2-week forecasts of the Gulf Stream frontal tests to be performed (thrust 4 of the plan). Some
path using the operational boguses for initializa- experiments were made using boguses from periods
tion. These boguses are better than an assumption of abundant IR data in 1989, and the results were
of persistence. The forecast errors are typically 10% comparable to the proof-of-concept results. The
and 15% better than persistence errors at 7 and transition work was directed to use OTIS 2.1, which
14 days, respectively. The results of a statistical was used in the proof-of-concept study; thrust 5,
analysis indicate that the forecast has a smaller error therefore, was not addressed. The latitudinal offset
than persistence: the statistical significance ranges between parallel forecasts should be considered in
from 92% at 1 week in the eastern domain to over the study of the evolution of the initial uncertainty.
99% at 2 weeks in the western and center domains. Otherwise, the average absolute distance (error) will
This work addresses thrust 2 of the transition plan. be the quantitative measure.
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X. Recommendations XI. References
Couple the DART system and the PATHFINDER Bretherton, F. P., R. E. Davis, and C. B. Fandry

system. Pursue the objective assimilation of a forecast (1976). A technique for objective analysis and
and observations into a nowcast frontal path using design of oceanographic experiments applied to
the optimum interpolation-based PATHFINDER. As MODE-73. Deep-Sea Research 23:559-582.
part of this effort, determine the relative weights of Clancy, R. M., P. A. Phoebus, and K. D. Pollak
the observations, which have a range of ages, and the (1990). An operational global-scale ocean thermal
forecast. Also, reexamine optimum correlation scales analysis system. Journal of Atmospheric and
and the phase speeds to be used in PATHFINDER Oceanic Technology 7:233-254.
(this issue will be investigated more closely, once Fox, D. N., M. R. Carnes, and J. L. Mitchell.
some operational experience with the model has Circulation Model Experiments of the Gulf Stream
been gained). Add more user-friendly graphics and Ciculat e E peries of theg rammenus to simplify gross error checks and other Using Satellite-Derived Fields. Naval Oceanographic
oerasto iteractios ith r thes anand Atmospheric Research Laboratory, Stennis Spaceoperator interactions with the system. C ne ,M ,s b itd

Determine how complementary, rather than com- Center, MS, submitted.
peting, products can be obtained using the DART Fox, D. N., H. E. Hurlburt, J. D. Thompson,
system in the NAVOCEANO environment, which Z. R. Hallock, and G. A. Ransford (1988). Oceanic
has a skilled operator available, and the automated data assimilation and prediction using remotely
FNOC environment. Develop operating procedures sensed data. Proceedings of the Pacific Congress
for guiding the operator in making the maximum on Marine Science and Technology (PACON 88),
value-added contribution to the product. Honolulu, HI, pp. OST2/17-23.

Develop and transition a data assimilation tech- Hurlburt, H. E., D. N. Fox, and E. J. Metzger
nique that assimilates a history of incomplete frontal (1990). Statistical inference of weakly correlated
paths into a single forecast of the frontal path. subthermocline fields from satellite altimeter data.

Develop a technique to objectively determine the Journal of Geophysical Research 95:11375-11409.
north wall of the Gulf Stream from the model's Hurlburt, H. E. and J. D. Thompson (1980). A
surface topography field. Consider other techniques, numerical study of loop current intrusions and
such as inferring the frontal axis from the model eddy shedding. Journal of Physical Oceanography
transport or velocity field. 10:1611-1651.

Implement the software to run the model on the
Class VII computer in an automated mode with Thompson, J. D. and W. J. Schmitz, Jr. (1989).
multiple initializations. Use the envelope of the A limited-area model of the gulf stream: design,
resulting forecasts to assign an uncertainty to
the model forecast for use in PATHFINDER. son. Journal of Physical Oceanography 19:791-814.

Establish guidance for the operator to use the Wallcraft, A. J. (1990). The NOARL Layered
distribution of data gaps and ages in setting up a Ocean Model User's Guide. Naval Oceanographic
series of sensitivity experiments that are specific to and Atmospheric Research Laboratory, Stennis Space
that distribution. Center, MS, NOARL Report 35.
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Appendix

DART Transition Plan

SER320/74
Feb 12, 1990

FROM: Commanding Officer, NOARL

TO: Office of Chief of Naval Research (Code 120M)
Commander, Naval Oceanography Command
Commanding Officer, Fleet Numerical Oceanography Command
Commanding Officer, Naval Oceanographic Office

SUBJ: DART Transition Plan; promulgation of

REF: (a) Memorandum of Understanding for Ocean-Atmospheric-Acoustic Model
Transition

(b) DART Transition Meeting 8-9 Jan 90 at NOARL
(c) DART Transition Workshop 31 Jan-2 Feb 90 at NOARL (West)

ENCL: (1) DART Transition Plan

1. In accordance with ref (a), meetings were held, ref (b) and (c), to develop the
DART Transition Plan. During the meeting on 8-9 Jan 90 (ref b) programmatic
guidance from the RDT & E program manager was provided for the transition of
the DART system, first to NAVOCEANO and then to FLENUMOCEANCEN. The
meeting at NOARL (West) between NOARL, NAVOCEANO, and
FLENUMOCEANCEN, ref (c), was conducted to refine the draft transition plan.

2. The DART Transition Plan, enclosure (1), is hereby promulgated for
programmatic coordination and appropriate action.
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1. PROGRAM TITLE: Navy Ocean Modeling and Prediction Program

2. PROGRAM ELEMENT: 63207N

3. PROJECT TITLE: Data Assimilation Research and Transition 0

4. POINTS OF CONTACT:

NOARL:

Dr. Joseph W. McCaffrey, Jr., Division Head (601) 688-4870 S

Dr. Jim L. Mitchell, DART Manager (601) 688-4813

Dr. Theodore J. Bennett, Jr., Transition Lead (601) 688-4704

FNOC:

Mr. R. Michael Clancy (408) 647-4414

NAVOCEANO:

Mr. Andrew A. Johnson (601) 688-4403
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I. PRODUCT DESCRIPTION

The objective of the Data Assimilation Research and Transition (DART)
project at the Naval Oceanographic and Atmospheric Research Laboratory
(NOARL) is to develop and transition upgrades to the Navy's capability to
monitor and describe the ocean environment. Ongoing work at both the U.S. 0
Naval Oceanographic Office (NAVOCEANO) and the Fleet Numerical Oceanography
Center (FNOC) are effectively coupled to the DART work. This objective is
particularly important because the data sparsity of the ocean, particularly
at depth, is a major impediment to the effective use of the Navy's
capability.

This document is a Transition Plan that describes NOARL's plans to F
transition a system for making fourteen day forecasts of the Gulf Stream
frontal path. The initial state for the forecast is generated by the ap-
plication of Optimum Thermal Interpolation System (OTIS) to the initial
Bogus, which is a map of front and ring positions together with estimates of
their various parameters. Operationally, the forecast frontal position will
be used to fill in data gaps during the construction of the Bogus.

In addition, the Plan follows the draft Memorandum of Understanding
between NOARL, NAVOCEANO and FNOC that sets forth a generally agreed upon
process for the transition of oceanic, atmospheric and acoustic models to
operational Navy use.

Other products, their upgrades and their application to new regions of
the ocean are anticipated during the outyears and will be described in
subsequent transition plans. For example, a plan for the transition of
software for generating synthetic profiles of temperature, salinity and
sound speed from satellite altimeter-derived sea surface topography has been
presented by NAVOCEANO (NAVOCEANO ltr Ser OS/9049 of 19 DEC 88) and accepted
by NOARL, then the Naval Ocean Research and Development Activity (NORDA ltr
Ser 320/83 of 21 MAR 89). This work will be pursued in FY 91.

A. System Description

This software is designed to forecast the time evolution of the path of
the Gulf Stream and the drif: of its associated rings. The Plan calls for
an immediate transition of the software to NAVOCEANO followed by a transi-
tion to FNOC. If the transition to NAVOCEANO is successful, then the model
will be designated the NOGUFS 2.0 model.

This model consists of several groups of software modules. These
groups are (1) OTIS, a thermal analysis system developed at FNOC; (2) in-
itialization software that constructs the fields required by the circulation
module from the thermal analysis; and (3) a two-active-layer, primitive
equation circulation model. All of this software runs on a Hewlett-Packard
(HP) 9000 Series 835 computer.
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The input to the system is the Bogus prepared operationally by
NAVOCEANO on a HP 9000 Series 835 computer. A thermal analysis of the model
domain is generated by applying OTIS to the Bogus. In its initial implemen-
tation, no data other than the Bogus is assimilated by OTIS. The fields
required by the circulation module are generated from the thermal analysis
by the initialization software. Various parameters for the modules, such as
the correlation scales used in OTIS and the eddy viscosity used in the
circulation module, are set by the developer or modified as part of an
upgrade; the parameters are not normally changed day-to-day by the
operator.

Output will be two-week forecasts of front and ring positions. These
output maps will be used to interpolate the path of the Gulf Stream across
data gaps, i.e. across cloudy areas where infrared (IR) data are unavail-
able.

The operator can make a significant contribution to the forecast.
Although operator involvement can be limited to initiating the job streams
and monitoring the results (check for job failures, etc.), the value added
by the operator is his/her capability to make a series of sensitivity ex-
periments. For example, if an operator questions a forecast of the frontal
path across a data gap, then the operator could potentially examine the data
that were used to construct the initial Bogus for the forecast. Using the
operator's judgement, a series of sensitivity tests could be made by
forecasting from a modified initial Bogus. These sensitivity tests would
provide additional guidance to the operator that constructs the BOGUS.

During the OPTEST phase at NAVOCEANO, the Gulf Stream forecast model
will be transition-' t FNOC, where the emphasis is on coupling the mesos-
cale oceanography o the large-scale circulation of the ocean. This
coupling will .t .ately be realized by either a single high-resolution
basin model or a nesting of the DART model within a more-coarse resolution
basin model. In addition, the DART model will provide important forcing
data to Lhe other components of the FNOC ocean novcast and forecast system.
The transition of the DART model to FNOC is a first step toward implementing
this capability and developing a base of experience.

At FNOC, the model will be required to operate in a fully-automated,
"hands-off" mode. In addition, it will be required to interface with the
already operational Gulf Stream OTIS and Thermodynamic Ocean Prediction
System (TOPS) models at FNOC. In particular, the model will be required to
run on the same model domain as the OTIS and TOPS models.

B. Financial Summary

See attached sheet.

C. Required Technical Performance
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TRANSITION BUDGET

FY' Program Element Cost ($K)

1990 63207N 212

1991 63207N 100

Total 312

Table 1. Summary of 6.3 funding required for the transition of the
DART Gulf Stream forccast model.
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The technical objective of this work is to make one- and two-week

forecast of the Gulf Stream frontal position that is better than persist-
ence. A persistence forecast assumes that the frontal position does not

vary from its initial path. Forecast quality is determined by comparing a
model forecast to the validation data on the stream position for the time

that the forecast is valid. The average absolute difference between the
forecast frontal position and the validation data along the path segments

where such data are available is the objective measure used to determine
quality. The same measure is applied to the persistence forecast. Typical
performance is estimated by averaging over a number of cases.

Several criteria are used to judge the model's performance.
Persistence can be a very good forecast in a situation where no events such
as ring break-off or coalescence occur. On the other hand, persistence can
be a poor forecast in situations where an event occurs or a meander has a
significant change in shape or position. In both event and non-event cases,
the model is expected to typically make a better forecast than persistence.

An important caveat must be stated. The operational Bogus is deter-

mined primarily from infrared (IR) data. Under cloudy conditions, there are

no data to determine the frontal position and hence the initial state of the

model. The sensitivity of the model forecast to data gaps in the Bogus is

an issue that will be studied during this transition. However, it is clear

that there will be times when there are insufficient data, i.e. too many

data gaps, to determine the initial state.

D. Required Operational Characteristics

The initial transition is to NAVOCEANO, where the model will be re-

quired to run on a HP 9000 Series 835 computer. The technical knowledge and
judgement required to operate the model must be within the capabilities of

the personnel of the NAVOCEANO Operational Oceanography Center (OOC) that
will be asked to run the model. Using operationally available data, the

model will be required to make one- and two-week forecasts of the Gulf

Stream path that are statistically better than persistence and climatology.

Following the transition to NAVOCEANO, the Gulf Stream forecast model

will be implemented on the Cyber 205 supercomputer at FNOC. At FNOC, the

model will be required to operate in a fully-automated, "hands-off" mode.

In addition, it will be required to interface with the already operational
Gulf Stream OTIS and Thermodynamic Ocean Prediction System (TOPS) models at

FNOC. In particular, the model will be required to run on the same model
domain as the OTIS and TOPS models.

E. Critical Technical Issues

The Proof-of-Concept results presented by NOARL to the Commander, Naval

Oceanography Command (COMNAVOCEANCOM) Independent Model Review Panel

(CIHREP) in December 1989 demonstrate that the DART model has a skill at
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forecasting the Gulf Stream path that is significantly better than persist-
ence at one and two weeks when there are abundant data available for
initialization. Four critical issues are unanswered by those results.
These issues are:

(1) what is the sensitivity of the forecast skill to spatial gaps
in the data available for initialization?

(2) what skill does the model have in an operational environment
given the sensitivity of the model to the initial state and the limited data
typically available for initialization? This question can also be posed as
what fraction of the time does the available data justify using the model?

(3) how are the model forecast of frontal position as well as the
available data objectively assimilated into a single Bogus message. What is
the value added by the forecast to the Bogus? and

(4) the most effective use of this system requires an operator to
interact with the system. For example, if an operator questions a forecast
of the frontal path across a data gap, then the operator could potentially
examine the data that were used to construct the initial Bogus for the
forecast. Using the operator's judgement, a series of sensitivity tests
could be made by forecasting from a modified initial Bogus. However, the
skills necessary for this interaction and the proper guidelines for the
operator have not been worked out.

II. MILESTONES

A Technical Validation Panel has been named by the Comranding Officer
of NOARL to monitor the progress of the transition and offer technical
advice to the transition lead. The chair of the Panel is from NOARL.
Representatives from NAVOCEANO, FNOC and outside experts are also on the
Panel. A key objective of the Panel is to facilitate the building of a
consensus between NOARL and the operational commands on just what the
products will be, how they will be used, what technical approach will be
used to transition these products and what will the milestones be.

The Panel will also assist in assigning responsibility for each mile-
stone. The general guidelines are that NOARL will have the lead
responsibility for validating the model and preparing the documentation.
NOARL will also provide technical assistance during the Operation Evaluation
(OPEVAL) phase. NAVOCEANO and FNOC will have the lead during the OPEVAL
phase. In addition, FNOC will have the lead, with assistance from NOARL and
NAVOCEANO, in implementing the software on-the Cyber 205 computer at FNOC.

Figure 2 is a milestone chart for FY 90 that breaks the transition work
down into fifteen tasks. These tasks are:

(1) Document the Proof-of-Concept experiments. This 6.2 work will
be the written basis for the decision to proceed with the transition.
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(2) Name the Technical Validation Panel.

(3) Prepare a transition plan.

(4) Estimate the value added by the forecast to the Bogus and the
forecast sensitivity to data gaps.

(5) Estimate forecast performance.using operational Boguses.

(6) Prepare research quality Bogus messages for several weeks of
very high quality IR data from 1989 that have recently become available.

(7) Make new tests using several weeks of very high quality IR
data from 1989 that have recently become available.

(8) Finalize software. The software, especially the input and
output data flows and job control commands, must be put into a user-friendly
form and frozen so that documentation can begin.

(9) Prepare graphics software.

(10) Document the model. Documentation of the model is required
at the time that the model enters Operational Check (OPCHECK) at NAVOCEANO.
This documentation includes a User's Guide, a Software Requirement
Specification (SRS), a Software Test Description (STD) and a Software Design
Document (SDD). The documentation shall conform to the NAVOCEANO standards
for the documentation of environmental systems and products. These stan-
dards are defined in "Software Documentation Standards and Coding
Requirements for Environmental System Product Development (September 1988).
NAVOCEANO is currently revising these standards. A draft revision of these
standards is attached.

(11) Write the Validation Test Report (VTR). The VTR presents the
technical results of the test and evaluation work and provides guidance to
the user on the appropriate use of the system. A quick look document will
be delivered to NAVOCEANO at the start of the OPCHECK phase with a more
thorough report being prepared during the following months.

(12) NOARL Certification. The Commanding Officer of NOARL or his
designated representative will certify to NAVOCEANO that the DART Gulf
Stream forecast model is ready for OPCHECK at NAVOCEANO.

(13) Operational Check (OPCHECK).

(14) Operational Test (OPTEST).

(15) Monitor OPEVAL. NOARL will have the opportunity to observe
the OPEVAL phase of the transition, identify problems that arise and feed-
back to the model developers information on the model's performance and
problems.
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Figure 3 is a milestone chart for FY 91 that breaks the transition work
down into nine tasks. These tasks are:

(1) Continuation of the OPTEST. The OPTEST at NAVOCEANO will
continue into FY 91. 0

(2) Continuation of the preparation of the VTR. The preparation
of the VTR will continue into FY 91.

(3) Implementation at FNOC.

(4) OPCHECK at FNOC. •

(5) OPTEST at FNOC.

(6) Monitor operational use of model. The objective of this task
is to participate in the ongoing evaluation of the model and to promote the
flow of information between the operational commands and the research team. 0
The experience of the operational commands will identify to the research
team the actual performance of the model as well as the most critical
issues.

(7) Implement upgrade at NAVOCEANO. The NOGUFS 2.0 system will be
upgraded via the implementation of the OTIS 3.0 system and the GDEM dynamic
climatology.

(8) Upgrade OPCRECK.

(9) Upgrade OPTEST.

III. TEST AND EVALUATION

The test an evaluation of the Gulf Stream forecast model have six
thrusts. These thrusts are:

(1) Forecast sensitivity to data gaps. Realistically, spatial gaps can
be expected in the data used to determine the Bogus. The sensitivity of the
model forecast to these gaps vill be examined using the data sets that vere
used to make the test cases that vere presented to the CIMREP panel. Using
the abundant IR data in these data sets, virtually the entire initial and
verification Gulf Stream paths can be mapped. In the sensitivity tests,
subsections of the initial path vill be deleted and a variety of interpola-
tions made across the resulting gap. A forecast rill then be made that can
be compared to the forecast based on gapless data as vell as persistence.
In order to objectively examine the sensitivity, the average absolute dis-
tance betveen the forecast path and the verification data is estimated. The
actual difference betveen the forecast path and the verification data as a
function of path length vill also be examined.
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(2) Real-time forecast sensitivity studies. Real-time sensitivity

tests will be used to examine how well the forecast system can be expected
to perform in an operational environment. Each week the operational Bogus

will be used to initialize the forecast system. The average absolute dif-

ference between the forecast path and the verification data will be

determined for the subsections of the path that have verification data. How

well the model forecast matches the subsections that have data is a measure

of how well the forecast can interpolate across the data gaps. Systematic

problems with the model as vell as the sparsity of the initialization data

contribute to the forecast error. For what fraction of the time will there

be adequate data to initialize the model and make a skillful forecast?

(3) Value added. The data sets that were used to generate the results

presented to the CIMREP panel will also be used to estimate the value added

by the forecast to the Bogus. A Gulf Stream Bogus obtained from these data

will have subsections of the Stream path deleted. A two-week forecast valid

at the time of the Bogus will be used by the NAVOCEANO Pathfinder system to

interpolate across the data gaps. Pathfinder is an optimum interpolation-

based system that assumes a first guess of the path, say the forecast, and

then assimilates the data (subsections of path verification data) into it.

Does the forecast add any value to the Bogus across the data gaps?

(4) Nev tests using abundant data. Several, multi-week periods of

excellent IR data from 1989 have recently become available. Research-grade

Boguses will be made for these periods and a series of forecast experiments

performed. These experiments will supplement the results presented to the
CIMREP panel.

(5) Sensitivity of the model initialization to the version of OTIS.

The OTIS 2.1 system that vas used to generate the results presented to the

CINREP panel is expected to be replaced by the OTIS 3.0 system in a major

upgrade scheduled for FY 91. Although the DART team does not expect the

conclusions based on OTIS 2.1 to change when OTIS 3.0 replaces OTIS 2.1, a

series of side-by-side experiments will be performed in order to verify this
expectation.

(6) Other measures of forecast performance. Measures other than the

average absolute distance between paths must be developed in order to more

fully understand and grade the quality of the forecasts. These measures

ought to examine potential systematic problems as phase shifts and over- or

under-amplification of meanders.
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